The 184-kb Bacilus anthracis plasmid pXO0, which is required for virulence, contains three genes encoding the protein components of anthrax toxin, cya (edema factor gene), kef (lethal factor gene), and pag (protective antigen gene). Expression of the three proteins is induced by bicarbonate or serum. Using a pagklacZ transcriptional construct to measure pag promoter activity, we cloned in BaciUus subtilis a gene (alxA) whose product acts in trans to stimulate anthrax toxin expression. Deletion analysis located aIxA on a 2.0-kb fragment between cya and pag. DNA sequencing identified one open reading frame encoding 476 amino acids with a predicted Mr of 55,673, in good agreement with the value of 53 kDa obtained by in vitro transcriptiontranslation analysis. The cloned airA gene complemented previously characterized Tn917 insertion mutants UM23 tp29 and UM23 tp32 (J. M. Hornung and C. B. Thorne, Abstr. 91st Gen. Meet. Am. Soc. Microbiol. 1991, abstr. D-121, p. 98), which are deficient in synthesis of all three toxin proteins. These results demonstrate that the atxA product activates not only transcription of pag but also that of cya and lef. 3-Galactosidase synthesis from the pag-lacZ transcriptional fusion construct introduced into an insertion mutant (UM23 tp62) which does not require bicarbonate for toxin synthesis indicated that additional regulatory genes other than atxA play a role in the induction of anthrax toxin gene expression by bicarbonate.
Bacillus anthracis causes the highly infectious disease anthrax in animals and humans. Two major virulence factors of B. anthracis are known: a poly-D-glutamic acid capsule and a tripartite toxin (20) consisting of protective antigen (PA), edema factor (EF), and lethal factor (LF). Each of these virulence factors is encoded on a distinct, large plasmid (11, 23, 38) . The cap region, which is essential for encapsulation of B. anthracis, is located on a 97-kb plasmid (11, 21, 22, 37, 38) , and the three toxin genes,pag (PA gene), cya (EF gene), and lef (LF gene), are located on the 184-kb plasmid pXO1 (26, 29, 34) . Each of the anthrax toxin components is inactive when administered alone, but binary combinations cause two distinct toxic effects in experimental animals. Thus, PA together with LF kills certain susceptible animals, whereas intradermal injection of PA with EF causes edema in guinea pigs or rabbits. EF is known to be a calmodulin-dependent adenylate cyclase (18, 19) , and evidence was recently presented that LF is a metalloprotease (17) . Reviews describing the properties of the toxin (19, 20) and development of improved anthrax vaccines (36) are available.
Although both capsule and toxin are expressed during in vivo infections, their synthesis in vitro is strongly influenced by medium composition (9, 33) . Thus, B. anthracis produces a polyglutamate capsule during in vitro culture only when serum or bicarbonate is added. (In this report, the term "bicarbonate" will represent the mixture of CO2, H2C03, HCO31-, and C032-, all of which are in equilibrium, with their amounts determined by pH.) Similarly, only small amounts of the anthrax toxin proteins are obtained from pan.
common rich media, whereas cells grown in certain synthetic media produce substantial amounts of toxin proteins, but only when these media are supplemented with bicarbonate (19, 41) . Therefore, expression of both capsule and toxin appears to be controlled by genetic regulatory mechanisms that sense bicarbonate. Bartkus and Leppla (1) reported that production of PA is transcriptionally regulated by bicarbonate, that a trans-acting factor is required for pag transcription, and that at least some of the genes involved are located on the toxin plasmid pXOl. Evidence for such a factor was also provided by Cataldi et al. (4, 5) . Recently, two classes of B. anthracis insertion mutants altered in toxin production were described (15) . Members of one class (typified by UM23 tp29 and UM23 tp32) were deficient in production of all three toxin proteins, while the one member of the other class (UM23 tp62) made toxin even in the absence of bicarbonate. Because the three genes coding the toxin proteins are not contiguous on the toxin plasmid, the identification of mutants deficient in the synthesis of all three proteins strongly suggests the existence of a trans-acting regulatory gene.
In this report, we describe the cloning of a trans-acting positive regulatory gene whose product stimulates pag transcription. The DNA sequence of this gene, which we have designated a1xA, was determined, and it was mapped between pag and cya on the toxin plasmid. The relationship between aixA and the bicarbonate induction of anthrax toxin gene expression is also discussed.
MATERUILS AND METHODS
Bacterial strains and plasmids. Bacterial strains and representative plasmids are listed in Table 1 , except that certain widely used Escherichia coli strains and cloning vectors are omitted. All strains of B. anthracis are derivatives of Weybridge A. Certain plasmids among the pIU series that were glycerol-0.05 mg of bromophenol blue per ml and heated at 1000C for 5 nun prior to electrophoresis. Gels were stained, dried, treated with En3Hance (Dupont), and exposed to X-ray film for fluorography.
1-Galactosidase assay. B. subtilis or B. anthracis strains carrying pPAPlac were grown in R medium or BHI medium. Samples (1 ml) were collected after cultivation for 16 h. Cells were harvested by centrifugation, washed in ice-cold 50 mM Tris HCI (pH 7.5), and frozen at -20°C. Cells were thawed in Z buffer (25) , treated at 370C with lysozyme (0.5 mg/ml for 5 min for B. subtilis; 2.0 mg/ml for 30 min for B. anthracis), and lysed by adding Triton X-100 to 0.1%. 1-Galactosidase was assayed according to the method of Miller (25) , and activity was normalized to the A6w of the culture.
Transformation. Transformation of B. subtilis UOT0277 (32) cells was performed by the method of Dubnau and Davidoff-Abelson (6 (14, 15) . Restriction mapping showed that Tn917 had inserted between cya andpag on plasmid pXO1 in both strains, at the position shown in Fig. 1A , suggesting that this region contains one or more genes required for toxin production (15) . We designated the putative regulatory gene aixA. The region between cya andpag contains two BamHI sites which define a 14-kb fragment expected to contain atxA. The Tn917 insertion in UM23 tp62 was mapped several kilobases to the right of the region depicted in Fig. 1A (data not shown).
To clone atA, pXOl isolated from B. anthracis Weybridge A UM23-1 was partially digested with BamHI, and the resulting fragments were ligated to the cosmid vector pHC79; this procedure was followed by in vitro packaging and infection of E. coli HB101. One of the 20 clones examined (pIU1) contained a 35-kb insert that yielded the expected 14-kb fragment after BamHI digestion (Fig. 1A) .
Cosmid pIU1 was partially digested with HindIII and selfligated to reduce the insert to the 14.2-kb HindIII-BamHI fragment that contains the desired 14-kb BamHI fragment (pIU2; Fig. 1A) . The pIU10 was then inserted in the BglII site of pHY300PLK, levels were found with pIU63, pIU64, pIU65, and pIU67 yielding pIU51 and pIU52, which contain the same fragment (Fig. 1B) . These results showed that atxA is located entirely in opposite orientations (Fig. 1B) . To precisely locate atxA within the 2.6-kb SnaBI-EcoRI fragment. This fragment was within this fragment, site-specific deletion mutants were subcloned to yield pIU57. constructed from pIU51 and pIU52. B. subtilis containing DNA sequence determination of the aLrA locus. The nuclepPAPlac was transformed with these deletion mutants, and otide sequence of the 2,609 bp of the SnaBI-EcoRI fragment the transcriptional activity of the pag promoter was meain pIU57 was determined (Fig. 3) . TIwo large ORFs with sured by assaying ,B-galactosidase. High levels of ,B-galactoopposite orientations were found (ORF1, 1,428 nucleotides; sidase were found in transformants containing pIU51, ORF2, 450 nucleotides). ORF1 and ORF2 are predicted to pIU52, pIU61, pIU62, and pIU66, whereas only background encode proteins of 476 and 150 amino acids with molecular weights of 55,673 and 18,227, respectively. The probable Shine-Dalgarno ribosome-binding site for translation of ORF1, AAAGGAG, is separated from the ATG initiation codon by 14 nucleotides. In ORF2, the putative ribosomebinding site, AAGGAG, is separated by only 7 nucleotides from the probable translational start codon. Sequencing located the EcoRV site that defines the 3' end of the insert in pIU67 (Fig. 1B) as being 8 nucleotides downstream of the ATG initiation codon (Fig. 3) , showing that ORFi is disrupted in this plasmid. The DNA sequence was used to search the GenBank and EMBL data bases, and the deduced amino acid sequences of ORF1 and ORF2 were used to search the PIR and Swiss Protein data bases. No significant similarities to known genes were detected.
Evidence that ORF1 is involved in regulation was obtained by PCR mapping of the Tn917 insertion point in mutants UM23 tp29 and UM23 tp32. PCR using one primer from within the atxA sequence and another from the Tn917 sequence produced fragments of about 500 bp from both UM23 tp29 and UM23 tp32 (data not shown), indicating that Tn917 was inserted near nucleotide 1800 of the sequenced DNA (Fig. 3) , approximately in the middle of ORF1.
Involvement of ORF1 in activation of the pag promoter, characterization of the protein products of the ORFs. The deletion analysis shown in Fig. 1B and the demonstrations that ORFi was interrupted in UM23 tp29 and UM23 tp32 and incomplete in pIU67 all indicated that ORF1 is required for activation ofpag transcription. However, these data did not test whether the product of ORF2 is also required. To resolve this question, pIU62 was further shortened to produce pIU68, which contains ORFi but not ORF2. As shown in Fig. 1B, B . subtilis(pPAPlac) transformed with pIU68 produced almost the same amount of ,B-galactosidase as did the transformant with pIU62, indicating that ORF2 is not required for trans-activation ofpag transcription. These data establish that ORFi alone constitutes the positive regulatory gene. Henceforth, the designation atxA will refer to ORF1.
An in vitro transcription-translation system was used to examine the protein products produced from plasmids pIU62 and pIU57, both of which contain ORF1 (atl) and ORF2 (Fig. 4) . In addition to products encoded by the corresponding vectors pHY300PLK and pBluescript II SK+, a product of about 53 kDa was observed, consistent with the size calculated for ORF1 (atx). The reaction using pIU57 produced more of the 53-kDa product, along with smaller polypeptides that are probably proteolytic fragments of the 53-kDa protein. Furthermore, an 18-kDa protein having the size expected for the ORF2 product was also observed on an SDS-12.5% polyacrylamide gel (data not shown).
Stimulation by aWtl of PA production from a cloned pag gene. The data presented above showed that aixA acts to enhance transcription from thepag promoter when provided in trans. To examine whether aixA stimulates PA production from the original pag gene region, we inserted the 6.0-kb BamHI pag fragment from pXO1 into the shuttle vector pAT187 to produce pIU71 and then transformed this plasmid into B. anthracis UM23C1-1, which is cured of pXO1. Production of PA was not observed in the resulting UM23C1-1(pIU71) strain but was obtained when the aixA gene was subsequently introduced into this strain by transformation with pIU68 ( Table 2 ). In this case, PA expression was obtained in both the absence and presence of NaHCO3.
Complementation of insertion mutants with the cloned atxA. The existence of a positive regulatory gene was initially recognized by demonstrating that Tn917 insertion mutants UM23 tp29 and UM23 tp32 failed to produce detectable amounts of the three toxin proteins. To determine whether the cloned aixA gene would complement these mutations, the mutant strains were transformed with pIU68, the construct containing only atxA. Concentrations of all three toxin components were measured in the culture filtrates of the wild-type strains and the transformants (Table 2) . Controls included (i) the parental UM23-1 containing a wild-type pXO1 plasmid and (ii) strains transformed with pHY300PLK, the parent vector of pIU68. Consistent with prior results, the insertion mutants made only negligible amounts of PA, LF, and EF, even when 0.8% NaHCO3 was added to the R medium. Introduction of pIU68 into each strain restored the ability of the mutants to produce the three toxin components in the presence of NaHCO3. Thus, the atxA gene encodes a trans-acting product which stimulates expression of not only pag but also cya and lef. The production of the three toxin components by the complemented strains was stimulated by addition of NaHCO3 to the medium, paralleling the phenotype of parental strain UM23-1. Assays of toxin production in the Tn917 mutants complemented with pIU68 were repeated several times, and although absolute amounts of toxin differed somewhat, the responses to the presence of pIU68 and to addition of NaHCO3 were essentially like those shown in the Table 2 .
We also included UM23 tp62 in the experiment shown in Table 2 . This mutant strain produces all three toxin components even in the absence of NaHCO3, presumably as a result of inactivation of a negative regulatory gene. Introduction of the atxA gene on pIU68 caused no additional increase in toxin yield in the presence of NaHCO3 but appeared to partially restore the dependence on NaHCO3 for synthesis of toxin.
Activity of the pag-lacZ transcriptional fusion in B. anthracis. To examine the possible relationship between atxA and induction of pag transcription by NaHCO3, we measured ,-galactosidase activity in extracts of various B. anthracis strains containing pPAPlac after growth in the synthetic R medium and in BHI broth (Table 3 ). The strain cured of pXO1, UM23C1-1, did not produce ,-galactosidase under any condition, as expected when atxA is absent. For parental strain UM23-1, the increase in enzyme activity caused by addition of NaHCO3 to R medium was 31-fold, while the a Concentrations of toxin components in filtrates of 17-h R medium cultures were determined by radial diffusion (PA and LF) or adenylate cyclase assays (EF).
-and + indicate absence and presence of 0.8% NaHCO3 during growth. ND, not determined.
increase in BHI medium was only about 5-fold. Mutant UM23 tp32, shown above to have Tn917 inserted into atxA, produced no measurable 3-galactosidase under any condition. For mutant UM23 tp62, ,B-galactosidase activity was also quite high in the absence of NaHCO3, and its addition caused increases of only 2.7-and 4-fold in R medium and BHI medium, respectively. This result is consistent with the previous interpretation (15) that a negative regulator of toxin production is inactivated in UM23 tp62. When strain UM23C1-1 was transformed with pIU68, 3-galactosidase activity was very high even in the absence of NaHCO3, and no significant increase was observed upon addition of NaHCO3 to either growth medium.
DISCUSSION
Many bacterial pathogens have developed genetic mechanisms to regulate biosynthesis of their virulence factors (24) . Selective pressures will favor mechanisms which limit the energetically expensive synthesis of virulence factors to periods during which the pathogen is growing in host tissues. B. anthracis appears to be an example of such a pathogen, because synthesis of the three-component anthrax toxin and of the poly-D-glutamate capsule requires the presence of bicarbonate, a metabolite present in living tissues. The genes for the toxin and the capsule are located on separate plasmids, pXO1 and pXO2, respectively. Each plasmid appears to have genes encoding a bicarbonate-sensing mechanism, because strains cured of either plasmid still show bicarbonate-dependent regulation of the virulence factor encoded by the remaining plasmid (1, 21) .
The dependence of B. anthracis on bicarbonate was recognized very early in the studies of this pathogen (9, 33) . During extensive studies of optimization of anthrax vaccine production, more than 1,000 different medium recipes were examined (42) , and it was shown that toxin synthesis was enhanced by certain amino acid mixtures. However, the largest and most consistent stimulation of toxin synthesis is that caused by bicarbonate (41) . In our previous report, it was shown that bicarbonate controls pag expression by acting at the transcriptional level and that some of the genes responsible for transcriptional activation are located on pXOl (1) . Similar conclusions were drawn by Cataldi et al. (5) by returning a plasmid equivalent to pIU71 to a strain in whichpag had been inactivated. More recently, these workers have used a pag-lacZ transcriptional fusion like that in pPAPlac to confirm that bicarbonate stimulates transcription from the pag promoter (4).
In the work described here, we sought to identify and characterize putative genes that regulate toxin biosynthesis. We began by mutagenizing B. anthracis UM23 with Tn917 (14) , and we obtained two classes of mutants altered in toxin synthesis (15) . The first class, typified by UM23 tp29 and UM23 tp32, was deficient in synthesis of all three toxin a Strains were grown in the indicated medium with or without 0.8% NaHCO3. Activity was determined by the method of Miller (25) . Values are averages of three independent experiments.
proteins. Because the three toxin genes are not located in a single operon on pXO1, these insertion mutations implied the existence of a trans-acting positive regulatory gene. The other type of mutant, of which UM23 tp62 is the only representative, produces all three toxin proteins even in the absence of bicarbonate. The ability to act on multiple distant genes argues for the existence of a separate trans-acting negative regulator. The trans-acting positive regulatory gene was cloned by using a transcriptional fusion of the pag promoter to the 3-galactosidase gene as a reporter of transcriptional activity. Restriction mapping had shown that Tn917 was inserted between pag and cya in UM23 tp29 and UM23 tp32 (15) . A restriction fragment from this region complemented the mutation, and deletion analysis localized the gene to a small region which was then sequenced. Two ORFs were identified, and further deletion analysis and complementation tests showed that the larger one, ORF1, is sufficient to activate pag transcription. PCR mapping also showed that the Tn917 insertions in mutants UM23 tp29 and UM23 tp32 were located in ORF1. We designated the activator gene encoding ORF1 as aixA.
The cloned aixA determinant encodes a potential polypeptide of 476 amino acids with a molecular weight of 55,673, a value consistent with results obtained with an in vitro transcription-translation system (Fig. 4) . The probable Shine-Dalgamo ribosome-binding site of aixA at nucleotide 935, AAAGGAG, is identical to those ofpag (40) , lef(2), and cya (7, 30) . The spacing between this ribosome-binding site sequence and the aixA initiation codon, 14 nucleotides, is greater than the 7-to 9-nucleotide spacers found in the toxin genes. B. subtilis is quite tolerant of long spacers, as indicated by the finding that a 13-nucleotide spacer gives a translational efficiency in a model system that is 50% of maximum (39) . If the translational mechanism in B. anthracis is like that in B. subtilis, as seems probable, the putative ribosome-binding site of atxA can be expected to be functional. ORF2 also has an acceptable ribosome-binding site, AAGGAG, with a spacer of 7 nucleotides, equal to that of pag and at the lower limit of efficient spacers (39) .
The regions immediately 5' of at"A do not contain sequences that can be identified as promoters or transcriptional start sites. Thus, there are no sequences that match the -10 and -35 sequences recognized by any of the nine sigma factors characterized in B. subtilis (27) . Mapping of the transcriptional start site may help to locate the promoter and explain how and whether atxA transcription is regulated. We anticipated that obtaining the sequence of the aixA gene would identify it as a member of a previously recognized family of transcriptional regulator genes. However, extensive efforts to find proteins in the data bases with statistically significant sequence similarities to ORF1 (attA) and ORF2 were unsuccessful.
We have reexamined the sequences upstream of the pag, lef, and cya structural genes to find regions that might be involved in controlling transcription. As noted previously (40) , upstream ofpag there are exact (TATAAT) and nearly exact (TTGAAA versus TTGACA) matches to the -10 and -35 consensus sequences recognized by the primary housekeeping o# of B. subtilis RNA polymerase (27) . The implication that pag is transcribed during exponential growth phase is consistent with a prior demonstration that the amount of lethal toxin parallels cell density (8) and with a recent report that expression from the pag promoter occurs throughout the exponential growth phase (4) . Another notable feature of the putative pag promoter region is that the -10 and -35 sequences are potentially sequestered within an extended stem-loop structure, nucleotides 1722 to 1779 (40) , having a AGf of -15.8 kcal (ca. -66.1 kJ)/mol. In regard to transcriptional regulation of lef, cya, and a1xA, no sequences matching the consensus -10 and -35 promoter sequences recognized by &K have been located. The B. subtilis strains containing the pag-lacZ fusion and the different atxA plasmids appeared to differ in ,B-galactosidase production (Fig. 1) , with values varying from 200 to 600 U. However, these differences are not considered statistically significant, and they should not be used to infer that regions adjacent to ORFi (aixA) contribute to pag regulation. The ability of plasmids containing only aixA (e.g., pIU68) to strongly activate transcription of the pag-lacZ fusion in B. subtilis shows that this gene is the most important activator ofpag transcription. It remains possible that additional genes that modulate transcription of the toxin genes will later be found adjacent to atxA or located elsewhere.
The complementation of the mutations in UM23 tp29 and UM23 tp32 by cloned atxA (Table 2) showed that the phenotypes of these mutants were the result of single Tn917 insertions and further supported the view that the aixA product acts in trans on the promoters ofpag, lef, and cya. It was interesting to note that the strains complemented by pIU68, particularly UM23-1 and UM23 tp32, produced some PA, LF, and EF in the absence of bicarbonate, in contrast to the parent (uncomplemented) strain, UM23-1, which showed an absolute requirement for bicarbonate (Table 2 ). These differences may reflect gene copy number effects. The 184-kb plasmid pXO1 is expected to have a very low copy number, whereas the pHY300PLK-based vector pIU68 may have a copy number of 5 to 20. Thus, in the complemented strains, the aixA product is likely to be produced from pIU68 at a higher ratio to thepag target DNA sequences than in the case in which both aixA and the pag target DNA are on pXO1. The situation is complicated by the fact that the putative negative regulatory gene on pXO1 is intact in UM23 tp29 and UM23 tp32, so that a normal level of the putative negative regulatory product is present in these strains. The partial alleviation of the bicarbonate requirement in UM23 tp32(pIU68) could result from an excess of the aixA product successfully competing with the low, normal level of the negative regulator. This interpretation is consistent with the data obtained when the pag promoter and structural gene were supplied on the low-copy-number plasmid pIU71 and tested in a strain cured of pXOl and therefore lacking the negative regulatory gene (UM23Cl-l; Table 2 ). In this case, the addition of NaHCO3 had no significant effect, as might be expected if the aixA product was in excess over pag target DNA sequences and no negative regulator was present to compete.
To further characterize the interactions between atxA, the pag promoter, and the putative negative regulatory gene, the activity of the pag-lacZ fusion was measured in several B. anthracis strains (Table 3) . Two different media were compared because previous work showed that the induction of PA synthesis by bicarbonate is medium dependent (1).
Although 3-galactosidase synthesis was higher in most cases in R medium, qualitatively similar responses to NaHCO3 were found in BHI medium cultures. In a genetic background containing the functional regulatory genes supplied in low copy number by pXO1, enzyme synthesis was highly dependent on bicarbonate. In strain UM23 tp62, substantial levels of ,B-galactosidase were produced in the absence of bicarbonate, consistent with the ability of this strain to make 
